Combined linkage disequilibrium and linkage (LDL) mapping can exploit historical as well as recent and observed recombinations in a recorded pedigree. We investigated the role of pedigree information in LDL mapping and the performance of LDL mapping in general complex pedigrees. We compared using complete and incomplete genotypic data, spanning 5 or 10 generations of known pedigree, and we used bi-or multiallelic markers that were positioned at 1-or 5-cM intervals. Analyses carried out with or without pedigree information were compared. Results were compared with linkage mapping in some of the data sets. Linkage mapping or LDL mapping with sparse marker spacing ‫5ف(‬ cM) gave a poorer mapping resolution without considering pedigree information compared to that with considering pedigree information. The difference was bigger in a pedigree of more generations. However, LDL mapping with closely linked markers ‫1ف(‬ cM) gave a much higher mapping resolution regardless of using pedigree information. This study shows that when marker spacing is dense and there is considerable linkage disequilibrium generated from historical recombinations between flanking markers and QTL, the loss of power due to ignoring pedigree information is negligible and mapping resolution is very high. C OMBINED linkage disequilibrium (LD) and linkprocess needed in (fine) mapping of QTL is to estimate age mapping has been implemented in a variance IBD probabilities on the basis of LD and other available component approach, and analysis of simulated as well information including observed marker data and pedias real data has proven that genomic regions containing gree information. This could cause difficulties when prequantitative trait loci (QTL) could be narrowed down to dicting IBD in general pedigrees as genotype probabiliwithin a few centimorgans (Meuwissen and Goddard ties are hard to derive when pedigrees are complex and 2000; Fanir et al. 2002; Grisart et al. 2002; there are many missing genotypic data. et al. 2002; Lee and Van der Werf 2004). As LD mapAlthough the general pedigree structure with missing ping can take into account the great number of historidata is very common, accuracy or efficiency of combined cal recombinations reflected by identity-by-descent (IBD) LD and linkage (LDL) mapping for this situation has probability between haplotypes, positioning QTL can not been reported. This is because there is no obvious be very precise even with a relatively small number of animethod of pedigree analysis dealing with complex relamals (Meuwissen and Goddard 2000). Lee and Van tionships and a large proportion of missing data for der Werf (2004) investigated the efficiency of LD mapmultiple closely linked markers. Exact methods for segping in livestock using records of a few hundred progeny regation analysis such as pedigree peeling (Elston and in a half-sib design and reported a high mapping resoStewart 1971; Cannings et al. 1978) or chromosome lution with confidence intervals up to just a few centipeeling (Lander and Green 1987) are well-known algomorgans.
C OMBINED linkage disequilibrium (LD) and linkprocess needed in (fine) mapping of QTL is to estimate age mapping has been implemented in a variance IBD probabilities on the basis of LD and other available component approach, and analysis of simulated as well information including observed marker data and pedias real data has proven that genomic regions containing gree information. This could cause difficulties when prequantitative trait loci (QTL) could be narrowed down to dicting IBD in general pedigrees as genotype probabiliwithin a few centimorgans (Meuwissen and Goddard ties are hard to derive when pedigrees are complex and 2000; Fanir et al. 2002; Grisart et al. 2002; there are many missing genotypic data. et al. 2002; Lee and Van der Werf 2004) . As LD mapAlthough the general pedigree structure with missing ping can take into account the great number of historidata is very common, accuracy or efficiency of combined cal recombinations reflected by identity-by-descent (IBD) LD and linkage (LDL) mapping for this situation has probability between haplotypes, positioning QTL can not been reported. This is because there is no obvious be very precise even with a relatively small number of animethod of pedigree analysis dealing with complex relamals (Meuwissen and Goddard 2000) . Lee and Van tionships and a large proportion of missing data for der Werf (2004) investigated the efficiency of LD mapmultiple closely linked markers. Exact methods for segping in livestock using records of a few hundred progeny regation analysis such as pedigree peeling (Elston and in a half-sib design and reported a high mapping resoStewart 1971; Cannings et al. 1978) or chromosome lution with confidence intervals up to just a few centipeeling (Lander and Green 1987) are well-known algomorgans.
rithms for estimating genotype probabilities on the basis However, it is noted that in general such a design of pedigree. However, the first method increases expomay not always be available. Rather, a general pedigree nentially in computational complexity with the number structure is commonly available and often used for mapof markers, and the latter becomes infeasible with a ping of QTL. A general pedigree structure can span large proportion of missing data. several generations with complex relationships, and anThe locus sampler (Kong 1991; Heath 1997) uses a cestors' genotypes are often unavailable and the nummodification of the peeling algorithm and is much more ber of genotyped progeny is not always enough to deefficient and flexible for multilocus problems in a comduce parental genotypes (Haley 1999) . However, a key plex pedigree. It computes genotype probabilities using all pedigree information subsequently at each locus, conditional on flanking loci. However, this algorithm 1 lation alleles. In generation t, one of the base alleles surviving Alternatively, Markov chain Monte Carlo (MCMC) algowith a frequency of Ͼ0.1 and Ͻ0.9 was randomly chosen and rithms have been used to estimate genotype probabili- site segregation indicator samplers (Thompson 1994).
In the multiallelic marker model (e.g., microsatellites), the However, the irreducibility of the Markov chain is not number of alleles assumed in each marker locus was four and base allele frequencies were all at 0.25. In the biallelic marker easily guaranteed in complex pedigree structures and model (e.g., single-nucleotide polymorphisms), the number mixing problems also appear in using multiple marker of alleles was two and starting allele frequencies were 0. 
a few generations may contribute little to the informa- 
tigated. In addition, it is shown how to efficiently integrate the case of a complex pedigree with incomplete where y is a vector of phenotypic observations on the trait of interest, ␤ is a vector of fixed effects, u is a vector of random genotypic data (genotypes are available only for the polygenic effects for each individual, q is a vector of random progeny in the last generation) using Gibbs sampling.
effects due to QTL, and e are residuals. The random effects u, q, and e are assumed to be normally distributed with mean zero and variance 2 u , 2 q , and 2 e . X and Z are incidence matrices MATERIALS AND METHODS for the effects in ␤, and u and q, respectively. From (2), the associated variance-covariance matrix of all observations (V ) Simulation study: A population of size N e was simulated for for a given pedigree and marker genotype set is modeled as 10 marker loci and a QTL for t generations to generate LD beyond recorded pedigree between QTL and flanking mark-
ers. In each generation, the number of male and female parents was N e /2 and their alleles were inherited to descendants on where A is the numerator relationship matrix based on additive genetic relationships, GRM is the genotype relationship the basis of Mendelian segregation using the gene-dropping method (MacCluer et al. 1986 ). Parents were randomly mated matrix whose elements are IBD probabilities between individuals computed for a putative QTL position and conditional on with a total of two offspring for each of N e /2 mating pairs. For the QTL, unique numbers were assigned to the base popumarker information, and R ϭ I 2 e (I is an identity matrix).
Since the value of IBD probabilities between animals depends indicators of the flanking marker loci (Kong 1991). The sampled genotypic configurations at the locus are converted to on the putative QTL position within a tested chromosome region, a number of different GRMs are generated. In this study, segregation indicators for sampling genotypic configuration we used 10 markers and tested QTL locations at the middle at the next marker locus. (2001) reported that if Ͼ10 1999), according to all possible segregation states for the m th biallelic markers are used, the proportion of individuals having meiosis, conditional on the other meiosis (see appendix). This at least one informative marker locus to assign correct phase sampler was used for incomplete genotypic data with all availis Ͼ90%. Therefore, the true set of haplotypes is close to the opable relationships in a pedigree. timal set of haplotypes estimated with the highest likelihood
Haplotype reconstruction: Since LD-based IBD probabilities among all candidate sets of haplotypes. Therefore, we used are derived from haplotype similarity between unrelated base true haplotypes when using complete genotypic data (see also animals, ordered genotypes for base animals are required to discussion and Table 2 ). However, when few genotypes are reconstruct haplotypes. The ordered genotypes can be samrecorded on parents or further ancestors, there are many unpled on the basis of the distribution of compatible allele assigninformative markers and many more possible sets of haploments to founder genes that are consistent with the sampled types that can have similar likelihoods. For this case of using segregation indicators (Sobel and Lange 1996) . When this incomplete genotypic data, all possible states of segregation procedure is implemented for multiple marker loci, haploneed to be taken into account in an analysis. The meiosis types for base animals are established. This procedure is perGibbs sampler and the locus Gibbs sampler are considered formed in each sampling round. to be suitable for this problem. Both samplers are supposed
Initial legal configuration for the Markov chain: The meiosis to give the same result if they work properly. However, the Gibbs sampler requires a starting configuration, consistent with former is more efficient for sparse genotypic data (many missobserved marker data, which is essential to start the Markov ing genotypes) while the latter is more efficient for dense chain. Heath (1998) used a combined method of pedigree genotypic data (few missing genotypes; Heath 2003). As both peeling and a genotype elimination algorithm to sample genouse segregation indicators as latent variables, the distribution type configurations, consistent with the observed marker data. of segregation indicators is described first, followed by a deThese can be converted to a legal configuration of segregascription of the sampling procedure.
tion indicators. However, in the method, each locus should Distribution of segregation indicators given observed marker data:
be peelable, which is not always guaranteed in the case of a One realization of segregation indicators (S ) in a pedigree can complex pedigree with many missing genotypic data. Instead be expressed in an M ϫ L matrix whose elements are 0 or 1.
of using a peeling-based algorithm, the genotype elimination If the gene in the m th meiosis at the l th locus receives the through inheritance constraint algorithm suggested by Henpaternal parental allele, the segregation indicator S ml ϭ 0, and shall et al. (2001) overcomes the problem of sampling for a S ml ϭ 1 for the maternal parental allele. The maximum number complex pedigree with genotypic data at a single locus. After of possible configurations for S is 2
MϫL when none of the the algorithm samples segregation indicators for each locus pedigree members are genotyped. The probability of S given independently, the Gibbs procedure obtains the desired conobserved marker data is ditional distribution, taking into account the linkage between markers. IBD probabilities based on LD and linkage information:
ments of GRM, IBD probabilities between all members are estimated on the basis of LD and linkage in each sampling where G represents the observed marker data, pr(S ) is prior round. Sampled haplotypes for base animals are used to estiprobability of the segregation indicators, pr(G | S ) is the probamate LD-based IBD probabilities between unrelated base anibility of the observed marker data given S, and the denominamals, using the method of Meuwissen and Goddard (2000; tor is summed over the probabilities of all possible configura -2001) . Sampled segregation indicators at multiple loci for tions of S. Since the computation of the denominator is not descendants are used to recursively estimate IBD probabilities feasible in general pedigrees, a Gibbs sampling scheme is between relatives given LD-based IBD probabilities of base required to obtain the posterior distribution of the segregation animals, using the method of Wang et al. (1995 the correct marker bracket and Ͼ55% of replicates posi-
The Gibbs sampler was carried out for 5000 cycles, discarding tion the QTL within 3 cM of the true position with the first 1000 cycles. In every tenth sampling round, elements biallelic markers and Ͼ75% of replicates do the same of GRM were estimated and stored. They were averaged after with multiallelic markers. larly poor mapping resolution is obtained in the analysis in 100 replicates is illustrated in Table 1 for the case for the pedigree spanning 10 generations with NPED, when all genotypic information is available on all indibut the QTL is more frequently positioned on the true viduals in the recorded pedigree (generation 100 ‫401ف‬ position with PED; ‫%54ف‬ of replicates position the QTL or 109).
within 3 cM of the true position (Table 1 ). In the multialCombined LD and linkage mapping: In LDL mapping, the pattern of this distribution is very similar between lelic marker model with the pedigree spanning 5 genera- tions, the results are similarly poor as with biallelic marktypic data, genotypes were available only for the progeny ers although PED positions the QTL in the correct in the last generation and all ancestral genotypes were marker bracket more frequently than NPED does. With missing. Figure 2 presents the distribution of estimated the pedigree spanning 10 generations, NPED gives poor QTL position deviated from the true location and the mapping resolution whereas PED frequently positions value of LR averaged over replicates when LDL mapping the QTL in the correct marker bracket; ‫%05ف‬ of repliis carried out with multiallelic markers and a pedigree cates position the QTL within 3 cM of the true position spanning five generations. The frequency of estimated (Table 1) .
position near the correct QTL position is reasonably The averaged likelihood ratio: The value of the likelihood high; Ͼ75% of replicates position the QTL within 3 cM ratio (LR) across the genomic region, averaged over of the true position. This result is similar to that with replicates with the multiallelic marker model, is plotted complete genotypic data. Although overall values of LR in Figure 1 . The value of LR is almost flat in linkage are reduced compared to that with complete genotypic mapping with NPED in the pedigree of 5 generations data, there is an obvious peak, showing that there is ( Figure 1A) . Although the overall LR is higher in linksufficient information to locate the QTL at the correct age mapping with PED, the difference between the highposition. As with complete genotypic data, the differest LR and lowest LR is small, showing that not much ence between PED and NPED is not significant. information for positioning the QTL is provided by the The results with biallelic markers are similar to those pedigree spanning 5 generations. In the pedigree spanwith multiallelic markers in that the distribution of estining 10 generations ( Figure 1B) , it is shown that linkage mated QTL position is similar to that with complete mapping with NPED has no power to detect the QTL, genotypic data, and the LR curve shows an obvious peak but linkage mapping with PED gives a considerably at the true QTL position (results not shown). higher LR for the correct QTL position and there is an
The effect of marker density and past effective size obvious peak, indicating much more information for in relation to LD: Lower LD could arise from either positioning the QTL is provided when considering all using a lower marker density or a higher effective popupedigree information compared with considering relalation size. Figure 3 shows the pattern of LR values from tionships only in the last generation. This additional in-LDL analyses averaged over replicates with 10 multialformation from pedigree must account for the higher lelic markers positioned at 5-cM intervals. The value of frequency of estimated QTL position in the correct marker PED increases slightly with 5 generations of pedigree bracket in linkage mapping with PED compared with and the increase is more significant for 10 generations NPED in the pedigree of 10 generations (Table 1) .
of pedigree, compared to NPED. The value of LR with With LDL mapping, the LR curve is clearly peaked NPED in each position is similar between 5 generations and highest at the correct QTL position, showing LDL and 10 generations. When comparing with a marker mapping to be much more powerful than linkage mapspacing of 1 cM, the LR values are much lower and the ping. In both pedigrees spanning 5 and 10 generations, LR curve is flatter, indicating that LDL mapping with a it is also shown that the curves of LR in LDL mapping sparse marker spacing does not give sufficient resolution with PED and NPED are similar, indicating that pedi- (Figure 3 ). gree information is not so critical in LDL mapping (FigFigure 4 shows LR values averaged over replicates ure 1).
when N e ϭ 100, 200, or 800 for 100, 200, or 800 generaThe pattern of LR curves with biallelic markers is very tions was simulated. The LR values were substantially similar to that with multiallelic markers although overall decreased with higher values of N e and results for PED LR values are lower (results not shown).
Incomplete genotypic data: With incomplete genoand NPED were similar for all values of N e . The relationship between LD and the length of a broken up for 5 or 10 generations. This was the reason that with a lower LD, LDL mapping with PED gave chromosomal region that is IBD can be described as higher accuracy than that with NPED in the marker spacing of 5 cM ( Figure 3) ; however, the difference be-LD ϭ 1 1 ϩ 4N e c Ϫ 2c Ϫ 2N e c 2 ϩ c 2 (5) tween PED and NPED was very small with a marker spacing of 1 cM ( Figure 4 ). (Sved and Feldman 1973) , where N e is past effective Alternative QTL location: To test the performance size and c is the recombination rate of the chromosomal of LDL mapping for QTL not centered in the studied region. LD is defined here as the probability of the region, a QTL located at one-third of the tested region chromosomal region being IBD when two random hapwas investigated. Figure 5 shows the distribution of estilotypes are taken from the population. The observed mated QTL position and the value of LR averaged over value of LD based on simulated data agreed with the replicates when LDL mapping is carried out with or expected value from (5). The averaged value of LD without pedigree information. As in the case of a cenobserved over 100 replicates was 0.19 Ϯ 0.07 (expected tered QTL, the frequency of estimated position as well value is 0.2) for a chromosome segment of 1 cM with as the LR is highest at the correct QTL position and N e ϭ100. The value decreased to 0.04 Ϯ 0.01 (expected the LR curve is fairly peaked. value is 0.05) for a segment of 5 cM with N e ϭ 100. Note that the LR values were much lower with 5-cM marker intervals than with 1-cM intervals (Figure 3) . The value DISCUSSION also decreased with higher value of N e , e.g., 0.11 Ϯ 0.04 (expected value is 0.11) and 0.03 Ϯ 0.01 (expected value While linkage mapping could greatly benefit from additional pedigree information, knowledge of relationis 0.03) for a 1-cM segment with N e ϭ 200 and 800, respectively. Note that the LR values were much lower ships between ancestors was not critical in LDL mapping with closely linked markers ‫1ف(‬ cM). The additional for N e ϭ 800 than for N e ϭ 100 (Figure 4 ). Given these results, it is clearly shown that the levels of LD are closely information generated from the recorded relationship in a pedigree was very small compared to the LD inforrelated to the efficiency of LDL mapping. With a lower LD, pedigree information became useful if (and only mation generated from the historical population beyond recorded pedigree. However, when using a lower if) the tested region was wide enough to be sufficiently marker density ‫5ف(‬ cM), the degree of LD between correlations between parameters estimated with the true haplotypes and those with sampled haplotypes for 20 markers is much decreased and the recorded relationships become more informative. In such cases, it is desirreplicates. For all variance components, the correlation between the two results is close to 1. Also for LR values able to use available pedigree information whenever possible.
at the true position, the results agreed very well. For the estimated QTL position based on sampled haplotypes, When parental (ancestral) genotypes are absent, the loss of information for positioning the QTL is small as 90-100% of replicates position the QTL within a distance of one marker interval from the estimated QTL shown by the limited reduction of LR values in LDL mapping with a 1-cM marker spacing; i.e., the most freposition using true haplotypes for both 1-and 5-cM marker spacing. These results show that using true hapquent estimated position was on the true QTL and the LR curve was fairly peaked around the correct QTL lotypes is very similar to using sampled haplotypes in complete genotypic data. position. This implies that parental haplotypes can be reasonably well reconstructed from relatively few genoSimilar results were shown by Morris et al. (2004) in that the efficiency of fine mapping was not much retypes in the last generation in a general pedigree (approximately two to three progeny per family in our duced using a MCMC approach, compared with using the true haplotypes. The authors also showed that a study). These results agree with those of Abecasis et al. (2000) , who reported that in the case that parental MCMC approach that considered all possible sets of haplotypes was much more efficient than inferring a set genotypes are missing, the loss of power for detecting QTL is negligible when at least four genotyped progeny of haplotypes based on maximum likelihood. This was probably due to the fact that the likelihood was flat with per family are available. In our study, we used 10 markers, which might help to assign linkage phase more respect to different haplotype configurations because no pedigree was used in deriving these haplotypes. Infercorrectly.
With complete genotypic data, we used true haploring haplotypes in the case that parents' and progeny's genotypes and their relationships are fully known is types under the assumption that linkage phase is assigned with high certainty when parental and progeny expected to give better results, as was also shown by Pong-Wong et al. (2001) . genotypes are known. Results from true haplotypes and those from sampled haplotypes were compared, using
Since the locus sampler is based on a modification of the peeling algorithm that considers all compatible complete genotypic data spanning five generations with a marker spacing of 1 or 5 cM. Table 2 shows high states simultaneously in a single locus, it does not have accuracy with PED and NPED was much different especially in a deeper pedigree (Figure 3) . The meiosis Gibbs
Complete genotypic data spanning five generations with a sampler can be an efficient tool to deal with complex marker spacing of 1 or 5 cM.
pedigree information in such cases. However, in some a Proportion of replicates with sampled haplotypes positioning the QTL within one marker interval of estimated QTL data structures where allelic types of founders in a reposition with true haplotypes.
corded pedigree are fully constrained by direct (if founders were genotyped) or indirect observations (founders having a large number of genotyped progeny), the problem of reducibility in the meiosis sampler would occur. reducibility problems (Heath 1997) . However, its use Block updating segregation indicators for a number of of computer memory requirement is too large to operrelatives simultaneously can be a way to increase irreducate for a complex pedigree with a large proportion of ibility although the large number of relatives can make missing genotypic data. The meiosis sampler is robust it infeasible to compute genotype probabilities (i.e., the to complexity of pedigree and a large number of missing number of segregation states is 2 2ϫn with n the number genotypes; however, when founder allelic types are conof individuals for which segregation indicators are strained, it can be reducible (Thompson and Heath updated jointly). A random-walk approach (Sobel and 1999; Heath 2003) . Given the results from the analysis Lange 1996) could be applied to noncommunicating based on the meiosis sampler (PED in Figure 2 ), there classes using the Metropolis algorithm (Metropolis were no apparent problems of reducibility affecting the et al. 1953) . Further study is required to increase irreducresults in our case. The pattern of distribution of estiibility in the meiosis sampler. mated QTL position with PED, which was based on the In linkage mapping especially with biallelic markers, meiosis sampler, was normal and similar to that with the QTL was estimated more frequently at the bound-NPED, which was based on the locus sampler. The LR aries than at the center in the tested region and the curve with PED was highly peaked at the true QTL distribution of estimated positions did not seem normal position and the difference between highest and lowest (Table 1) . If the length of the tested region was inposition was significant. The pattern was similar to the creased from 9 to 19 cM with the same data, estimated case of NPED. For a more reliable comparison, the QTL positions were more normally distributed. Figure 6 accuracy and the values of LR with NPED were estimated shows that the replicates positioning the QTL at the using the meiosis sampler and compared with those boundaries in the tested region of 9 cM were actually based on the locus sampler. Ninety-four percent of replithe sum of the estimates beyond this boundary. Probably cates with the meiosis sampler positioned the QTL the most likely position was outside the tested region within 1 cM of that positioned on the basis of the locus of 9 cM and the QTL was estimated at the boundary of sampler in LDL mapping. The correlation between estithe tested region that was closest to that point. It is exmated parameters based on the two samplers was 0.95 pected that the estimated positions would be completely for QTL variance, 0.98 for polygenic variance, and 0.99 normally distributed if the tested region is wide enough for phenotypic variance, and correlation between LR values was 0.98. This similarity of results is probably (Ͼ‫001ف‬ cM). Note that the distribution of estimated position within Ϫ3 cM or 3 cM from the true position complex relationship with missing genotypic data could is very similar for either length of the tested regions.
be efficiently integrated for fine mapping of QTL. Similar results were observed in the study of MeuwisWe are thankful for helpful discussion with Bruce Tier and Miguel sen and Goddard (2000). When LD information was Perez-Enciso. Useful comments from reviewers are much appreciated. This study was supported by Australian Wool Innovation and a Univerreduced, the frequency of the estimated position besity of New England research assistantship. came higher at the boundaries. In the study of Sabry et al. (2002) , when LD information content was low, the proportion of replicates positioned at the boundaries was much larger than that of those positioned in the LITERATURE CITED center regions. However, when there was more informa- reasonably high. In this study, the number of records revisiting the location of a quantitative trait locus with major effect on milk production on bovine chromosome 14. Genetics was only 100; therefore, the accuracy could easily be 161: 275-287. improved with a larger number of records. 
Therefore, S m,L can be sampled from this posterior distribution. Backward sampling: In backward sampling, the segregation indicator S m,l is sampled conditional on the already sampled marker locus (S m,lϩ1 ‫ف‬ S m,L ) and using the cumulative probability for locus l that was computed in the forward working. The sampling order is the second last locus to the first locus (L Ϫ 1 ‫ف‬ 1): pr(S m,l ϭ x |S allϪm,l , G l , S allϪm,l * , G l * , S m,lϩ1 , .
A numerical example: Table A1 shows a simple pedigree with genotypic data for three markers (M1 ‫ف‬ M3). Table A2 shows one legal configuration of segregation indicators in the pedigree as sampled in the first round. Joint updates for the third meioses (paternal gametes for animal 4 in italic letters) using the forward-backward algorithm are shown as an example. It is assumed that each marker has four alleles and allele frequencies are equal (0.25), and the recombination rate between each marker pair is 0.1.
The first term in the right-hand side in (A6) can be estimated for each marker locus using a descent graph:
pr(G 1 |S 3,1 ϭ 0, S allϪ3,1 ) ϭ 0, pr(G 1 |S 3,1 ϭ 1, S allϪ3,1 ) ϭ 0.0039 pr(G 2 |S 3,2 ϭ 0, S allϪ3,2 ) ϭ 0.016, pr(G 2 |S 3,2 ϭ 1, S allϪ3,2 ) ϭ 0.016 pr(G 3 |S 3,3 ϭ 0, S allϪ3,3 ) ϭ 0.008, pr(G 3 |S 3,3 ϭ 1, S allϪ3,3 ) ϭ 0.016.
For example, pr(G 2 |S 3,2 ϭ 1, S allϪ3,2 ) is computed as follows. According to segregation indicators for the second marker, animal 3 has sire's maternal gene (1M) and dam's maternal gene (2M), and animal 4 has sire's maternal gene (1M) and dam's paternal gene (2P). Note that animals 3 and 4 are genotyped as (4, 1) and (4, 3), respectively. Therefore, the founder gene 1M, 2M, and 2P must be allele 4, 1, and 3 (no other allele assignment is possible). The probability of the allele assignment is the product of the frequencies of alleles involved in the allele assignment. Therefore, pr(G 2 |S 3,2 ϭ 1, S allϪ3,2 ) ϭ 0.25 ϫ 0.25 ϫ 0.25 ϭ 0.016.
The second term in the right-hand side in (A6) can be easily obtained using the cumulative probability for the previous locus l Ϫ 1 and the recombination rate between locus l and l Ϫ 1. For the first marker, the second term is negligible; therefore, Q 1 (0) ϭ 0 and Q 1 (1) ϭ 1. For the second marker, Q 2 (0) ϭ 0.016{Q 1 (0)(1 Ϫ 1 ) ϩ Q 1 (1) 1 } 0.016{Q 1 (0)(1 Ϫ 1 ) ϩ Q 1 (1) 1 } ϩ 0.016{Q 1 (1)(1 Ϫ 1 ) ϩ Q 1 (0) 1 } ϭ 0.1 Q 2 (1) ϭ 0.016{Q 1 (1)(1 Ϫ 1 ) ϩ Q 1 (0) 1 } 0.016{Q 1 (0)(1 Ϫ 1 ) ϩ Q 1 (1) 1 } ϩ 0.016{Q 1 (1)(1 Ϫ 1 ) ϩ Q 1 (0) 1 } ϭ 0.9.
For the last marker, Q 3 (0) ϭ 0.008{Q 2 (0)(1 Ϫ 2 ) ϩ Q 2 (1) 2 } 0.008{Q 2 (0)(1 Ϫ 2 ) ϩ Q 2 (1) 2 } ϩ 0.016{Q 2 (1)(1 Ϫ 2 ) ϩ Q 2 (0) 2 } ϭ 0.099 Q 3 (1) ϭ 0.016{Q 2 (1)(1 Ϫ 2 ) ϩ Q 2 (0) 2 } 0.008{Q 2 (0)(1 Ϫ 2 ) ϩ Q 2 (1) 2 } ϩ 0.016{Q 2 (1)(1 Ϫ 2 ) ϩ Q 2 (0) 2 } ϭ 0.901.
From Q 3 , either 0 or 1 can be sampled for S 3,3 . Now let the value of 1 be sampled for the last locus. From (A8) in the backward sampling, pr(S 3,2 ϭ 0|S allϪ3,2 , G 2 , S allϪ3,2* , G 2* , S 3,3 ) ϭ 0.012, pr(S 3,2 ϭ 1|S allϪ3,2 , G 2 , S allϪ3,2* , G 2* , S 3,3 ) ϭ 0.988. Now, let the value of 1 be sampled for the second locus:
pr(S 3,1 ϭ 0|S allϪ3,1 , G 1 , S 3,2 , S 3,3 ) ϭ 0, pr(S 3,1 ϭ 1|S allϪ3,1 , G 1 , S 3,2 , S 3,3 ) ϭ 1.
The value of 1 is sampled for the first locus. Thus, new updated segregation indicators for the third meioses are 1, 1, and 1 for M1, M2, and M3, respectively. For the other meioses, the same method for joint updates can be used.
